Extensive faulting and fracturing have been documented by detailed field studies of a 48 km2 area in the upper Precambrian Duluth complex, northeastern Minnesota. FaultPand fractures dip steeply, trend principally N35%, N05"W, and N40°W, and were recognized by the displacement of plagioclase and plagioclase-olivine cumulate layers within the so-called South Kawishiwi intrusion. This work represents the first field documentation of extensive faulting in the Duluth complex and shows that fault offsets are an important complicating factor in understanding the geology of the complex. Further, faults of the type mapped are compatible with the structures predicted but not previously recognized by models that genetically link the Duluth complex to a major period of crustal rifting, and these faults have important economic implications, as offsets along them are certain to affect the continuity of important copper-nickel sulfides that occur along the basal part of the Duluth complex.
Introduction
The 220 km long, arcuate upper Precambrian Duluth complex in northeastern Minnesota is one of the world's largest mafic igneous complexes. It is a composite intrusion on the western flank of the Midcontinent gravity high and is thought to be the result of rifting that occurred about 1.1 Ga ago (King and Zietz 197 1; Green 1972; Chase and Gilmer 1973) . The purpose of this note is to report results of recent detailed mapping in part of the complex (Fig. I) , which demonstrates that it is broken by extensive but previously unrecognized faults, and that these structures are an important element that needs to be considered in any further geologic work on the Duluth complex.
The early work of Grout (19 18 ) and more recent work by Taylor (1964) , Bonnichsen (l969) , and Weiblen and Morey (1975, 1980) identified the principal rock types in the Duluth complex and summarized regional geologic relationships. Of particular importance was the recognition by Taylor (1964) of two major intrusive episodes (an older anorthositic and a younger layered, troctolitic episode). Recent studies have focused principally on the petrology of the complex, its tectonic setting, and its important copper-nickel sulfide deposits (Bonnichsen 1972 (Bonnichsen , 1974 Boucher 1975; Weiblen and Morey 1976) . Weiblen and Morey (1975, 1980) proposed that the Duluth complex was emplaced into fault-bounded voids during an episode of continental rifting, and Cooper (1978) proposed that the complex may be extensively faulted, based on an analysis of topographic and aeromagnetic lineaments and field relationships.
Although fault structures have played an important part in models that link emplacement of the complex to an episode of crustal rifting, very few faults actually have been documented by ground-controlled mapping (Cooper 1978) . This has been due largely to lack of exposure, absence of traceable layering, and inCan. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Mrs. Jessica Remer on 10/03/13
For personal use only. (1) a lower troctolite, which has 3-10% intercumulus augite and oxide; (2) an upper troctolite, which contains only minor intercumulus augite and oxide; (2a) a troctolite layer in (2), which contains large pyroxene oikocrysts; and (2b) and (3) layers of nearly pure plagioclase cumulate (anorthosite). A traceable, 10 m thick plagioclase cumulate marker bed (2b) within unit (2) may possibly be equivalent to some of the undifferentiated anorthosite layers shown as (3). Faults are solid where identified with certainty, dashed where less certain, and dotted where inferred. sufficient1 detailed mapping. The Duluth complex in Y the 48 km area reported on here (Fig. 1 ) has numerous clear-cut areas in which rocks are unusually well exposed and it contains layers that are mappable at the scale of 1:12 000.
Rock units
The South Kawishiwi intrusion, in which the study area is located, formed during the younger, troctolitic intrusive episode, and is composed of a 70-300 m thick sulfide-bearing basal zone of mixed ultramafic and mafic rocks and hornfels, which is overlain by several thousand metres of cumulates predominantly composed of 65-85% plagioclase and lesser amounts (8-30%) of olivine (Fo4=4 (Phinney 1972; Fukui 1976) . Within this sequence, the abundance of interstitial augite and oxides decreases upward from approximately 10% to less than 2%. Drill holes indicate that the lowest rocks in the mapped area are approximately 1100 m above the base of the intrusion. On average, rocks in the area strike N40-45"E 'and dip between 05 and 20" southeast.
Troctolite and minor interlayered anorthosite are the predominant rock types in the area. The rock names are based on the relative proportions of cumulus minerals. Two sequences of troctolite (plagioclase-olivine cumulate) are recognized. The lowermost (1, Fig. 1 ) has coarse-grained (5-12 rnrn) olivine and contains 3-10% Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Mrs. Jessica Remer on 10/03/13
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intercumulus augite and oxide. Mineral laminations i parallel layering, which is defined by minor variations in olivine content. Interlayered anorthosite is rare. This unit is overlain by a tritolite (2, Fig. 1 ) with mediumto coarse-grained (3-6 mrn) olivine that contains little or no intercumulus pyroxene or oxide. Mineral laminations again are parallel to layering, which in this case is defined by pronounced modal changes in olivine. Interlayers of anorthosite and inclusions of olivine-poor troctolite and anorthosite are common. Within this upper troctolite is a 100-150 m thick layer of a medium-grained troctolite containing distinctive 1-5 cm augite oikocrysts (2a, Fig. 1 ). Anorthosite (plagioclase cumulate), the only other distinctive rock type in the area, occurs principally as fine-to medium-grained, poorly laminated layers ranging in thickness from less than 1 m to 10 m or as block-like inclusions that range from 1 cm to 20 m across (2b or 3, Fig. 1 ).
Most thinner (up to 1 m) anorthositic layers form the tops of troctolitic layers that are modally graded from 20 1 to 40% cumulus olivine at the base to 2-10% olivine at I the top. Contacts between the anorthositic tops and the basal, olivine-rich parts of overlying layers are generally sharp. Scour structures occur along some of the contacts, and blocks of anorthosite are found in the olivine-rich basal parts of layers. Modally graded layers of this type are common in many layered igneous intrusions and are thought to represent gravity stratified layers deposited from density currents similar to those that form sedimentary turbidites (Wager and Brown 1967) . In contrast, most thicker anorthosite layers (up to 10 m) exhibit sharp upper and lower contacts and appear to represent phase layers. One of these thicker anorthosite layers provided a distinctive marker bed, which could be traced throughout much of the map area (2b, Fig. 1 ). Similar appearing anorthosite layers, which occur at different stratigraphic levels or in areas where their stratigraphic position could not be determined, were mapped as undifferentiated (3, Fig. 1 ).
Structures
Structures in the mapped area include faults, fractures, and folds. Faults are the most important and were recognized primarily by lateral offset of anorthosite layers or of the contact between the upper and lower troctolites. Offsets could best be demonstrated where layers of a distinctive thickness or mineral composition (such as layers 2a and 2b, Fig. 1 ) could be matched on opposite sides of a fault. Other evidence for faulting includes abrupt changes in the orientation of mineral laminations and attitude of layers, and the rare presence of gouge. Additionally, many faults are associated with major topographic lineaments, the extensions of which could be used to infer faults in areas where the bedrock is poorly exposed.
Fractures and folds are associated with faults. Rock fractures, either isolated or in groups, parallel many faults and are most abundant adjacent to them. Most are closely spaced breaks across which little or no motion appears to have occurred. However, bleached feldspars occur along some frachrres, indicating local alteration, and rarely, fractures are found that have been filled with pyroxene. Folds are extremely rare. As defined by modal layering and laminations, all are open flexures having wave lengths of as much as 100 rn and amplitudes as large as I5 m. Fold axes are nearly horizontal, and axial surfaces dip steeply; in all observed folds. the fold axes are subparallel to the surface trace of adjacent major faults. Lack of exposures obscure the relationship between faults and folds, but the parallelism of the structures suggests a genetic relationship.
Three major fault sets were noted (Fig. 2) . The principal direction trends N30-4O0E and is subparallel to the basal contact of the Duluth complex in this part of northeastern Minnesota. These are the most continuous structures recognized and are often associated with prominent topographic lineaments, some of which can be traced on aerial photographs and topographic maps for as far as 20 km beyond the mapped area. They are the only faults that have well-developed gouge. Less prominent faults are generally oriented NO5 W and N4OoW. All faults dip steeply. FIG. 2 . Fault direction in the study area. All mapped faults were divided into 300 m long segments, and segment directions were plotted in 5" intervals as percentages of the total length of faults exposed in the map area. Maxima occur at N35"E, N0S0W, and N40°W. Fig. 1 ; the geology corresponds in general, but not in detail to that shown in Fig. 1 . Many fault displacements are not precisely known, but the overall pattern is determined from the displacement of marker beds, the change in orientation of layering across faults, and the patterns of offsets observed in drill holes.
I
The general lack of offset of one fault set by other sets implies that displacements predominantly involved vertical movement of blocks. Vertical offsets along , most faults are small, usually less than 200 m, and often appear to lack a consistent sense of motion. However, drill holes located between the exposed part of the basal contact of the intrusion and the northwestern boundary I of the mapped area reveal that the basal contact and layers above the base have regional dips between 27 and 45". These dips are consistently greater than dips 1 measured from outcrops within this area and also from I outcrops to the southeast in the mapped area (average 17"). Although some of this difference may reflect initial footwall irregularities or primary features developed during crystal accumulation, the absence of any steepening of dips in outcrop as the basal contact is approached and the abrupt changes in depth to correlative layers in drill hole suggest that this difference in apparent and observed dip is the result of faulting that has dropped rocks to the southeast down. The style of deformation (schematically shown in Fig. 3 ) is similar to a shattered plate of glass; the overall geologic continuity of the area is maintained, but the internal fabric is extensively disrupted by small fault offsets. The evidence suggests most faults, fractures, and folds formed after the cumulates were largely consolidated but prior to final consolidation of intercumulus liquid. This is indicated by lack of disruption in the mineral laminations and layering as faults are approached, the continuity of mineral layering and laminations in folds, the presence of gouge, and the presence of local proxene-filled fractures. In drill core, the occurrence of sheared and serpentinized zones into which late syenite has been injected and then brecciated suggests that some faults have been the sites of repeated movements.
The genetic relationship of faults and fractures to folds is unclear. Although the stress field responsible for faulting in this small area has not been determined, the patterns of faulting and fractures (Fig. 2) are very similar to regional joint and lineament patterns identified by Cooper (1978) and related by him to roughly east-west tensional forces. The block faulted pattern observed and the general pattern of rocks being downdropped to the southeast fit well with a scheme of tension related faulting, but do not appear compatible with the compression needed to produce folds.
Discussion and implications
Although the area studied is quite small, the observed structural pattern appears to be geologically reasonable on the basis of similar complex faulting observed in the country rock (Morey and Cooper 1977) and the presumed origin of the region in a rift environment. Further, the fault pattern correlates with fault directions identified by Morey and Mudrey (1972) in Keweenawan volcanic rocks of southern Minnesota and northern Wisconsin. Many lineaments associated with mapped faults can be traced beyond the limits of the study area. Several of these f o m the prominent north-and northwest-trending shorelines of Birch Lake and the northeast-trending shores of Gabbro Lake (Fig. lb) . Elsewhere in the region, topographic lineaments can be recognized that parallel the fault directions (Fig. 2) identified in this study. Thus, relationships observed in this small area may be indicative of a structural pattern that is pervasive over much of the Duluth complex. Previously, only a few faults had been identified by Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Mrs. Jessica Remer on 10/03/13
For personal use only. geologic mapping (Cooper 1978) , largely owing to the great difficulty in canying out detailed fieldwork in the Duluth complex. Certainly, the presence of extensively developed faults must be considered in any future evaluation and interpretation of the Duluth complex.
The identification of these structures has additional implications for both the origin and emplacement of the Duluth complex and for its economic potential. The association of the Duluth complex with the Midcontinent gravity high has led workers to interpret its origin as part of a 1.1 Ga rifting event. Consequently, several rifting models involving magma injection into voids formed by fault-bounded keystone-shaped blocks have been proposed (Weiblen and Morey 1975, 1980) , despite the fact that only sparse field evidence existed for these structures. This study provided convincing evidence that extensive faulting and fracturing occurred within the Duluth complex in a manner compatible with suggested patterns ofregional block faulting. Additionally, large tonnages of relatively low-grade copper--nickel sulfides occur along the basal zone of the Duluth complex. Recognition of the distribution and nature of faulting in the complex may provide an important key to understanding and evaluating the often sporadic and apparently discontinuous character of much of this mineralization.
